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Peptides derived from the human transferrin receptor
stimulate endosomal acidification via a Gi-type protein1
JUAN CODINA, RICHARD GURICH,2 and THOMAS D. DUBOSE, Jr.
University of Texas Houston Medical School, Houston, Texas, USA
Peptides derived from the human transferrin receptor stimu- processed differently. For example, low-density lipopro-
late endosomal acidification via a Gi-type protein. tein (LDL) dissociates from its receptor and is metabo-
Background. Acidification of the endosomal compartment lized, whereas the LDL receptor is recycled to the cellis a prerequisite for intracellular processing of endocytosed
surface [2]. In contrast, transferrin remains bound tocomplexes. Endosomal acidification is accomplished by an
its receptor during cellular trafficking, and the entireH1-ATPase, in parallel with a Cl2 conductance. Previous stud-
ies from our laboratory have demonstrated that endosomal complex is recycled back to the cell surface [3]. The
acidification is modulated by a pertussis toxin-sensitive mecha- epidermal growth factor (EGF) receptor, in contrast, is
nism, suggesting that endosomal acidification could be regu- not recycled, but rather, the ligand/receptor complexlated through a self-contained signal transduction pathway.
is targeted to lysosomes in which both compounds areThis study was designed to test this hypothesis using the trans-
degraded [4, 5].ferrin receptor as a model.
Methods. Synthetic peptides corresponding to a region of The process of intracellular trafficking of ligand/recep-
the cytosolic domain of the transferrin receptor and containing tor complexes through endosomal and other related
a KPKR sequence were used to stimulate endosomal acidifica-
compartments involves complex mechanisms that havetion in a G-protein–dependent manner.
not been elucidated completely. Although it is generallyResults. Peptides activated the Gi, as evidenced by stimula-
tion of the rate of GTPgS binding. A transferrin receptor pep- appreciated that a fundamental feature of ligand/recep-
tide that lacked the KPKR sequence did not stimulate endoso- tor processing is acidification of the endosomal compart-
mal acidification and failed to promote GTPgS binding to Gi ment [6], the net result of acidification differs among
proteins.
receptor types. For example, endosomal acidification isConclusions. These results demonstrate that regulation of
known to initiate the dissociation of low-density lipopro-endosomal acidification can be achieved, in part, through a Gi-
mediated signal transduction pathway. These findings suggest tein from its receptor [2], whereas, in contrast, acidifica-
that regulation of endosomal acidification through such a path- tion increases the affinity of the transferrin receptor for
way may facilitate intracellular processing of the transferrin transferrin [3].receptor.
The mechanism of endosomal acidification is widely
accepted to be accomplished by a proton translocating
ATPase (H1-ATPase) in parallel with a Cl2 conductance
Receptor-mediated endocytosis is a ubiquitous cellu-
[6]. However, it is not known if endosomal acidification
lar event through which binding of a ligand to its receptor
is a constitutively active process or a process that could
induces a series of events that lead to internalization and,
be regulated by the ligand/receptor complex. The latter
ultimately, compartmentalization of the ligand/receptor
possibility would require an interaction between the re-
complex into intracellular vesicles known as endosomes
ceptor and the endosomal acidification apparatus. Such
[1]. Once internalized, ligand/receptor complexes are
a coupling could be achieved via heterotrimeric G pro-
teins as supported by the existence in endosomes from
rabbit renal cortex of at least four heterotrimeric G pro-1 See Editorial by Warnock, p. 2524.
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the receptor or its portion(s) active in promoting activa- NJ, USA). Ten to 20 ml of vesicles (25 to 40 mg protein)
were placed in 1 ml of buffer containing 150 mm sucrose,tion of the G protein would be active in promoting endo-
somal acidification. 100 mm KCl, 10 mm HEPES-Tris, pH 7.0, 3 mm MgCl2,
1 mm ouabain, and, where specified, 15 mm GTP, GTPgS,The human transferrin receptor is oriented in such a
manner that the N-terminus is on the cytoplasmic surface GDPbS, or peptides. Where indicated, GTP or GTPgS
(15 mm) was added to the vesicles five minutes beforeof the membrane [9]. The cytoplasmic domain of the
receptor consists of 62 amino acids that incorporate a initiating proton transport. The reaction was initiated by
the addition of Tris-ATP, pH 7.0 (1 mm final concentra-cluster of basic residues (KPKR) near the membrane-
spanning region. It has been proposed previously that tion). The change in fluorescence over time was followed.
The initial rate of proton transport was determined, asthese basic residues function as a “stop-transfer” se-
quence [9, 10]. However, polybasic regions, similar to described previously [8], from the slope of the tangent
line and was expressed as fluorescence units per secondthe KPKR sequence, of the insulin-like growth factor
(IGF) II/mannose-6-phosphate and b2-adrenergic recep- per microgram protein.
tors can activate Gai2 and Gas, respectively [11–13]. We
Purification of G proteinreasoned that the KPKR sequence of the transferrin
receptor could participate in the activation of a G protein Gi was purified from pig red blood cells by methods
described previously [14]. Briefly, pig red blood cellsand that such activation could, in turn, stimulate endoso-
mal acidification. Thus, this study was designed to deter- were rinsed with saline and lyzed by hypotonic shock.
Membranes were collected by centrifugation, and G pro-mine if a synthetic peptide, which was designed after a
region of the transferrin receptor and incorporated the teins were extracted in the presence of cholate, b-mercap-
toethanol, and ethylenediaminetetraacetic acid (EDTA).KPKR sequence, could activate a G protein and, thereby,
stimulate endosomal acidification. The insoluble material was removed by centrifugation,
and the supernatant was applied on a DEAE-Sephacel
column. The fractions that were ADP-ribosylated by B.
METHODS
pertussis toxin (pertussis toxin) were further purified on
Preparation of membrane vesicles a heptylamine column. The Gai2/3 mixture was purified
on a DEAE-Toyopearl in the presence of 0.1% LubrolThe preparation of endosomal vesicles from rabbit
renal cortex has been described in detail previously [8]. PX using a gradient of Na-cholate to elute Gi proteins
from the column. Using similar methodology, Go wasBriefly, female New Zealand White rabbits were sacri-
ficed five minutes after the intravenous injection of fluo- purified from bovine brain [15]. Because Go is the main G
protein in brain, fractions from the heptylamine columnrescein-isothiocyanate dextran (FITC-dextran; 75 mg).
The kidneys were perfused in situ with 30 ml of 250 mm were designated as the purified Go fraction.
sucrose, 10 mm N-2-hydroxyethylpiperazine-N9-2-eth-
Preparation of phospholipid vesiclesanesulfonic acid-Tris (hydroxymethyl)amino-methane
(HEPES/Tris), pH 7.0, and 5 mm egtazic acid (EGTA), Phospholipid vesicles were prepared by the method
of Higashijima et al [16]. Phosphatidyl choline solutionremoved, and the cortices stripped. The cortices were
homogenized in an Omni Mixer (OCI Instruments, (8.4 ml; 1% in chloroform) was added to a 3 ml test tube
and dried under nitrogen. Fifty microliters of Buffer AOmni International, Waterbury, CT, USA). The homog-
enate was subjected to differential centrifugation. The [50 mm HEPES, pH 8.0, 1 mm EDTA, 1 mm dithiothreitol
(DTT)] plus cholate (0.84%) were added. To this, 6 mgpellet from the last centrifugation (100,000 g) was bottom
loaded under a linear sucrose density gradient (35 to of purified Gai2/3 (ratio 1:1) in 200 ml of Buffer A plus
Lubrol PX 0.02% were added. The mixture was vortexed48% wt/vol; total vol 5 36 ml) and was subjected to
equilibrium density centrifugation at 100,000 3 g over- until the pellet dissolved and then held at 48C overnight.
The mixture was then applied to an 8 ml column ofnight. The gradients were fractionated on ice in 3 ml
aliquots to yield 12 fractions, diluted 1:10 in 10 mm Ultro-Gel AcA34 in Buffer A. The eluate was collected
in 0.5 ml fractions. Peak [35S]GTPgS binding corre-HEPES/Tris buffer, and pelleted at 100,000 g for one
hour. Endosomes from the first gradient fraction, that sponded to the void volume. The peak fractions were
pooled and used for GTPgS-binding studies. Occasion-is, the lightest buoyant density, were used primarily in
these studies. ally, a second peak, which likely represented unincorpo-
rated Gai2/3, was noted.
Measurement of proton transport
[35S]GTPgS-binding assayProton transport activity was measured monitoring
changes in fluorescence FITC-dextran (excitation 470 nm, One hundred twenty-five microliters of Buffer B [200
mm HEPES, pH 8.0, 4 mm EDTA, 4 mm DTT; 200 nmemission 525 nm) using a spectrofluorometer (Alpha-scan;
Photon Technology International Inc., South Brunswick, [35S]GTPgS (500,000 cpm)] was combined with 125 ml
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Fig. 1. Representative tracing of the effects
of PEP1 plus guanine 59-triphosphate (GTP)
on endosomal acidification. The ordinate rep-
resents florescence in arbitrary units (3103).
The abscissa is time in seconds. The reaction
was initiated by the addition of adenosine
59-triphosphate (ATP) at T 5 0.
of a 4.4 mm MgCl2 solution and 125 ml H2O or synthetic
peptide (concentration stated in text). The assay was
initiated by the addition of 125 ml phospholipid vesicles
that contained approximately 3 fmol of G protein. At 1,
5, 10, and 30 minutes, 100 ml aliquots were removed and
placed into 2 ml ice-cold stop solution (1 mm EDTA,
pH 8.0, 1.1 mm MgCl2) and vortexed. The mixture was
applied immediately to 0.45 mm nitrocellulose filters
(Schleicher and Schuell, Keane, NH, USA). The filter was
washed twice with 2 ml stop solution, placed in scintillation
fluid (Redi-Solv; Beckman, Palo Alto, CA, USA) and
counted in a scintillation counter. For time 5 0 points,
25 ml each of Buffer B, 4.4 mm MgCl2 solution and H2O
or synthetic peptide were added to 2 ml of ice-cold stop
solution. Twenty-five microliters of phospholipid vesicles
were added, and the mixture was immediately vortexed
and filtered as described.
Statistical methods
Where applicable, data are expressed as mean values 6
Fig. 2. Effect of PEP1 on endosomal acidification in the presence ofse. Comparisons between groups were accomplished by GTP. To control for different initial rates of proton transport between
either a paired t-test or analysis of variance. A P of less different membrane preparations, data are expressed as the percentage
change from control. Each individual concentration of PEP1 was testedthan 0.05 was considered statistically significant.
between five and eight times (different membrane preparations) in the
presence of 15 mm GTP with a Km of approximately 25 nm.
RESULTS
Because previous studies from our laboratory [7] dem-
onstrated that Gi proteins can stimulate endosomal acidi-
fication, we next sought to determine if peptides derived of acidification was faster than the acidification rate in
from the transferrin receptor could stimulate endosomal the presence of GTP alone (data not shown). These
acidification in a GTP-dependent fashion. Initially, a and additional studies are quantitated in Figure 2, which
peptide (PEP1), which corresponds to amino acids 47 to shows that the effect of PEP1 (1 nm) plus GTP (15 mm)
67 of the human transferrin receptor [9] and contains was not different from the effect of GTP alone. However,
the KPKR sequence, was synthesized. As displayed in the combination of 10 nm PEP1 plus GTP (15 mm) sig-
nificantly stimulated proton transport when comparedFigure 1, PEP1 (1 mm) was found to stimulate endosomal
acidification in the presence of GTP (15 mm). The rate with either control or GTP alone (P , 0.001 vs. control
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Table 1. PEP1 in the presence of guanine 59-triphosphate (GTP)
is able to induce the maximal endosomal acidification
mediated by a Gi
PEP1 3.563.5
PEP1 1 GTP 56.268.9
GTPgS 50.3612.0
PEP1 1 GTPgS 55.068.1
All assays were performed as described in the Methods section. The activity
Fig. 3. Alignment of synthetic peptide and mastoparan (Mast) se-was measured in the presence of 3mm MgCl2, and when added: 1 mm PEP1, 15
mm GTP and 15 mm GTPgS. The endosomal acidification was performed as quences. The boxes show the clusters of basic amino acids that are
described in the Methods section. thought to be important for biological activity. The symbol 1 or 2 at
the end of the line represents the presence or absence of stimulation
of acidification.
or GTP alone). Stimulation of proton transport was
found to be maximal at 100 nm or greater. 5). Maximal stimulation of proton transport by masto-
PEP1 alone (1 mm) had no significant effect on the paran occurred at concentrations of 300 nm. In this set
rate of acidification (Table 1), and thus, the stimulatory of experiments, the rate of acidification produced by
effect on acidification of this peptide depends on GTP. GTP alone (not shown) was comparable to that observed
The effects of PEP1 plus GTP, a combination that should in the PEP1 studies (Fig. 2). Thus, these studies indicate
mimic receptor activation of G proteins, were compared that mastoparan can stimulate endosomal acidification
with the effect of GTPgS, a nonspecific, irreversible acti- in a manner similar to that observed with the synthetic
vator of G proteins. As shown in Table 1, the effects of peptides, PEP1 and PEP3.
PEP1 plus GTP were equivalent to those produced by Presumably, because of the dependency on GTP, both
GTPgS alone. In addition, the effects of PEP1 and transferrin receptor peptides and mastoparan stimulate
GTPgS were not additive, as evidenced by the compara- endosomal acidification secondarily to activation of a Gi-
ble stimulation produced by PEP1 plus GTP and PEP1 type protein. We thus sought to determine if indeed the
plus GTPgS. Thus, it can be concluded that PEP1 plus synthetic peptides could activate purified Gi proteins by
GTP maximally activates G-protein–dependent endoso- increasing the rate of GTPgS binding. Thus, an assay
mal acidification. was developed to measure the rate of binding of
To determine if the KPKR motif was important for the [35S]GTPgS to a mixture of pig erythrocyte Gai2/3 incorpo-
GTP-dependent stimulation of endosomal acidification, rated into phospholipid vesicles. As displayed in Figure
two additional peptides were synthesized (Fig. 3), one 6A, PEP1 (100 mm) stimulated the rate of [35S]GTPgS
of which lacked the KPKR sequence (PEP2) and one binding. This stimulation was observed at concentrations
that contained the KPKR sequence as well as four addi- of PEP1 as low as 1 to 10 mm (not shown). PEP3 (100
tional amino acids at the carboxy end of the peptide mm), which stimulated endosomal acidification, also sig-
(PEP3). These peptides were studied in the same manner nificantly stimulated the rate of [35S]GTPgS binding, al-
as PEP1. PEP2 (1 mm) did not stimulate acidification though to a lesser extent than PEP1. PEP2, which did
(data not shown). However, PEP3 (100 nm) was found to not stimulate acidification, did not affect the rate of
stimulate proton transport in a GTP-dependent manner [35S]GTPgS binding. Thus, these studies demonstrate
(Fig. 4). The stimulation of proton transport associated that the synthetic peptides described earlier here activate
with the application of PEP3 was equivalent to that pro- Gai2/3 with the same pattern of specificity that was ob-
duced by PEP1 (data not shown). Thus, these studies served for the stimulation of endosomal acidification.
indicate that the KPKR sequence is important for the Because Mg21 is known to be important for the binding
GTP-dependent stimulation of acidification by these of GTPgS to G proteins [17, 18], effects of Mg21 on
peptides. [35S]GTPgS binding induced by PEP1 were studied. The
Mastoparan, a naturally occurring peptide, activates free Mg21 concentration was calculated as described pre-
G proteins in a manner thought to be analogous to that viously [19]. Stimulation of [35S]GTPgS binding by PEP1
of receptors [16]. We thus tested whether mastoparan was noted at a free Mg21 concentration of 50 mm (Fig.
could stimulate endosomal acidification in the same man- 6B). This stimulation of binding persisted throughout
ner as the synthetic peptides. At concentrations greater the physiological range of 400 to 500 mm. However, at
than 30 mm, mastoparan was found to inhibit endosomal concentrations of Mg21 greater than the physiological
acidification in a GTP-independent manner, but at con- range, stimulation of binding by PEP1 was diminished
centrations of 3 mm or less, mastoparan alone had no markedly. Thus, the activation of Gi by PEP1 requires
effect on endosomal proton transport (data not shown). physiological Mg21concentrations. This is consistent with
In the presence of GTP, mastoparan was noted to stimu- the mimicry of receptor-stimulated binding of GTP to
G proteins.late acidification at concentrations as low as 30 nm (Fig.
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Fig. 4. Representative tracing of the effect of
PEP3 plus GTP on endosomal acidification.
Axes are the same as in Figure 1.
Fig. 5. Representative tracing of the effects
of mastaparan plus GTP on endosomal acidi-
fication. Axes are the same as in Figure 1.
DISCUSSION for activation of Gi is significantly higher than that re-
quired for stimulation of acidification (10 to 100 nm). SuchThese studies provide a basis for the physiological
differences between the effects of synthetic peptides onsignificance of Gi-mediated endosomal acidification.
G-proteins in phospholipid vesicles and in native mem-Specifically, the results obtained with synthetic peptides
branes have been observed previously in studies with thesuggest the existence of a coupling step between the
b2-adrenergic receptor. For example, it was demonstratedinternalized transferrin receptor and endosomal acidifi-
that the concentration of synthetic peptide required forcation via activation of Gi. As such, these observations
maximal activation of Gs in phospholipid vesicles (1 mm)are consistent with previous work demonstrating that
was greater than that required for maximal Gs-mediatedsynthetic peptides derived from the IGF II/mannose
activation of adenylyl cyclase in S49 cell membranes (506-phosphate and the b2-adrenergic receptor activate Gai2
to 100 nm) [13]. The concentration of peptide requiredand Gas, respectively [11–13].
for maximal activation of adenylyl cyclase is nearly iden-The concentration dependence for activation of Gi by
tical to that required for the maximal stimulation ofPEP1 (modest activation at 10 mm and maximal activa-
endosomal acidification by PEP1 and PEP3 in this study.tion at 100 mm) is compatible with the range of respon-
One explanation for the different apparent efficacies ofsiveness reported for activation of Gi by IGF II/mannose
6-phosphate peptides [12]. The concentration required the peptides employed in these studies and by others
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This study underscores the importance of the KPKR
motif of the transferrin receptor sequence. It has been
postulated that this motif, which is found in many trans-
membrane receptors, functions to stop the insertion of
the receptor into the membrane [9, 10]. However, our
findings suggest that this motif could also be important
for the activation of G proteins. Both PEP1 and PEP3,
which contain the KPKR sequence, stimulated acidifica-
tion and activated Gi, whereas, in contrast, PEP2, which
lacks the KPKR sequence, did not. Although the KPKR
motif, which is polybasic, may be necessary for the activa-
tion of G proteins, it may not necessarily confer specific-
ity to the interaction between the receptor and G pro-
teins. For instance, simple polylysine peptides have been
demonstrated to facilitate binding of GTPgS to Gai3 [20].
Moreover, mastoparan, which has structural similarity
to PEP1, that is, a region of uncharged amino acids
flanked by a polybasic sequence on one side and a lysine
on the other (Fig. 3), is known to activate Gi, Go, and
Gs [16]. Nevertheless, mastaparan does not activate G
proteins equipotently (that is, Gi . Go . Gs) and does
not activate Gt [16]. These differences in activation indi-
cate that mastoparan exhibits a certain specificity and
suggest that amino acids other than the basic residues
are important in conferring specificity.
It is not clear why PEP3 was less active than PEP1.
Decreased activity when additional amino acids were
added to peptides specific for IGF II has been observed
by Okamoto et al [12]. This phenomenon suggests that
flanking sequences may have an effect on the biological
activity of peptides. We have also observed similar phe-
Fig. 6. Effects of synthetic peptides on [35S]GTPgS binding. (A) The nomena and have used such an approach as a model for
effects of control (d), PEP1 (h), PEP2 (j), and PEP3 (100 mm; e) on identification of the specific site of interaction betweenthe rate of [35S]GTPgS binding. (B) Effects of Mg12 on [35S]GTPgS
bacterial toxins and a subunits of G proteins [21]. Takenbinding. The concentration of PEP1 was 100 nm. [35S]GTPgS binding
was measured at 10 minutes. together, these data indicate that flanking sequences af-
fect the biological activity of peptides. In a previous
report [21], we concluded that cysteine played a central
role in the activity of synthetic peptides. In that study,
[13] is that the composition of the phospholipid vesicles cysteine represented the binding site for ADP-rybose.
is not identical to that of native endosomal membranes. However, in this report, cysteine appears not to play a
In this regard, it has been demonstrated that G proteins central role in the activity of the peptide. This interpreta-
are much more sensitive to activation by mastoparan tion is supported by the observation that neither masto-
when reconstituted into phospholipid vesicles [16]. paran nor PEP1, which are biologically active, possess
Moreover, the activation of Gai2 by synthetic peptides a cysteine.
derived from the IGF II receptor can be magnified three- Differences in the kinetics of activation of G proteins
fold by altering the lipid concentration of the phospho- in plasma membranes or in phospholipid vesicles have
lipid vesicle [12]. Alternatively, these concentration dif- been observed not only with synthetic peptides, but also
ferences could also be explained by the existence of in the pattern of activation by non-hydrolyzible GTP
an amplification step between Gi and the endosomal analogues (GTPgS and GMPP[NH]P) and Mg21. For
acidification apparatus such that activation of only a frac- example, in native membranes, G proteins are stimulated
tion of endosomal Gi could lead to full activation of within a few minutes at low concentrations of Mg1 [17].
acidification. It would then be expected that the peptide However, in a reconstituted system, it may take as long
concentration required to stimulate endosomal acidifi- as 30 minutes for activation using concentrations of Mg21
cation would be much lower than predicted from studies up to 30 to 50 mm [14].
In summary, these studies provide a mechanism foron the activation of Gi in phospholipid vesicles.
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